Abstract T cells respond to antigen stimulation with the rapid release of cellular ATP, which stimulates an autocrine feedback mechanism that regulates calcium influx through P2X receptors. This autocrine purinergic feedback mechanism plays an essential role in the activation of T cells resulting in cell proliferation and clonal expansion. We recently reported that increases in mitochondrial ATP production drive this stimulation-induced purinergic signaling mechanism but that low-level mitochondrial ATP production fuels basal T cell functions required to maintain vigilance of unstimulated T cells. Here we studied whether defects in these purinergic signaling mechanisms are involved in the unwanted proliferation of leukemia T cells. We found that acute leukemia T cells (Jurkat) possess a larger number and more active mitochondria than their healthy counterparts. Jurkat cells have higher intracellular ATP concentrations and generat more extracellular ATP than unstimulated T cells from healthy donors. As a result, increased purinergic signaling through P2X1 and P2X7 receptors elevates baseline levels of cytosolic Ca 2+ in Jurkat cells. We found that pharmacological inhibition of this basal purinergic signaling mechanism decreases mitochondrial activity, Ca 2+ signaling, and cell proliferation. Similar results were seen in the leukemic cell lines THP-1, U-937, and HL-60. Combined treatment with inhibitors of P2X1 or P2X7 receptors and the chemotherapeutic agent 6-mercaptopurine completely blocked Jurkat cell proliferation. Our results demonstrate that increased mitochondrial metabolism promotes autocrine purinergic signaling and uncontrolled proliferation of leukemia cells. These findings suggest that deranged purinergic signaling can result in T cell malignancy and that therapeutic targeting aimed at purinergic signaling is a potential strategy to combat T cell leukemia.
Introduction
Acute leukemia accounts for about 25,000 newly diagnosed cancer cases and 12,000 deaths annually in the USA alone [1] . About 25 % of these cases are classified as acute lymphoblastic leukemia (ALL). Progress in conventional chemotherapy of ALL has resulted in high cure rates of over 80 % in children. However, in adults, 5-year survival rates are between 45 and 50 % and prognosis is especially poor in cases with relapsing ALL [2] [3] [4] . Novel anti-cancer therapies are needed to improve outcome in adult ALL patients with chemotherapyresistant disease.
Chemotherapeutic agents used in multi-drug regimens include methotrexate, 6-mercaptopurine, and fludarabine, all of which target purine metabolism [5] . The expression and function of enzymes in the purine pathway are often altered in ALL. In particular, T lymphoblasts overexpress adenosine deaminase (ADA) and have decreased purine nucleoside phosphorylase and 5′-ectonucleotidase (CD73) activity when compared to normal T cells [6] . Importantly, many of the nucleotide-metabolizing enzymes are also expressed on the Electronic supplementary material The online version of this article (doi:10.1007/s11302-016-9510-y) contains supplementary material, which is available to authorized users.
cell surface of normal cells where they regulate extracellular concentrations of ATP and its hydrolysis products [7] . In this context, those ectoenzymes contribute to purinergic signaling processes that regulate the activation and function of T cells through autocrine feedback mechanisms that are fueled by cellular ATP release [8] .
Normal T cells respond to the stimulation of T cell receptors (TCR) and CD28 co-receptors with the rapid release of cellular ATP that triggers purinergic receptors located on the cell surface of T cells [8] [9] [10] [11] . Autocrine stimulation of P2X1, P2X4, and P2X7 receptors that function as ATP-gated ion channels triggers the influx of extracellular calcium ions (Ca 2+ ), which is an essential step in the signaling process leading to IL-2 production and T cell effector functions [8, 11, 12] . Mitochondria generate the ATP that fuels this autocrine purinergic signaling process [13] . Here we show that human Jurkat leukemia cells differ from their normal CD4 + T cell counterparts in the purinergic signaling mechanisms that regulate cell activity. Leukemia cells possess a greater number and more active mitochondria than normal T cells, resulting in more active ATP release, higher pericellular ATP concentrations, and more robust autocrine purinergic stimulation of P2X1 and P2X7 receptors. We show that this unhinged purinergic signaling mechanism is responsible for continuous activation and unchecked proliferation of leukemia cells and that pharmacological inhibition of this dysregulated signaling cascade decreases mitochondrial activity and proliferation of leukemia cells. Our findings suggest that these purinergic signaling events are a potential pharmacological target for the treatment of T cell leukemia.
Materials and methods

Reagents
Dihydrorhodamine 123 (DHR123), carboxyfluorescein diacetate succinimidyl ester (CFSE), Fluo-4 AM, Fura-2 AM, SYTOX Green, tetramethylrhodamine ethyl ester (TMRE), and MitoTracker Green FM were purchased from Molecular Probes (Thermo Fisher Scientific, Waltham, MA). Dynabeads (Invitrogen, Thermo Fisher Scientific) coated with goat anti-mouse IgG antibodies were labeled with mouse anti-human CD3 and CD28 antibodies (BD Biosciences, San Jose, CA) and used for T cell stimulation. Suramin, NF023, NF157, NF340, 5-BDBD, A438079, 10 panx1, and 6-mercaptopurine (6-MP) were purchased from Tocris Bioscience (Ellisville, MI). All other reagents were from Sigma-Aldrich (St. Louis, MO) unless otherwise stated.
Cells
The human lymphoblastic T cell line Jurkat (clone E6-1; American Type Culture Collection, Manassas, VA), the acute monocytic leukemia cell line THP-1 (ATCC), and the histiocytic lymphoma cell line U-937 (ATCC) were maintained in RPMI-1640 medium (ATCC) supplemented with 10 % heatinactivated fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml streptomycin (Gibco, Thermo Fisher Scientific) at 37°C in 5 % CO 2 . The acute promyelocytic leukemia cell line HL-60 (ATCC) was cultured in Iscove's modified Dulbecco's medium (ATCC) containing 20 % fetal bovine serum, 100 U/ml penicillin, and 100 μg/ml streptomycin. Human CD4 + T cells were isolated from the blood of healthy subjects as previously described [14] . For some experiments, CD4 + T cells were stimulated for 4 h with anti-CD3/CD28-coated beads at a cell/bead ratio of 1:1. All experiments involving human subjects were approved by the Institutional Review Board of Beth Israel Deaconess Medical Center and informed written consent was obtained.
ATP hydrolysis, intracellular ATP content, and ATP release
To assess their ATP-hydrolyzing capability, Jurkat cells and purified CD4 + T cells (5 × 10 5 ) were incubated with 5 μM ATP for the indicated periods of time, cell-free culture supernatants were harvested on ice, and the concentrations of ATP and its hydrolysis products ADP, AMP, and adenosine were determined after etheno-derivatization of adenine compounds using high performance liquid chromatography (HPLC) as previously described [15] . For the assessment of intracellular ATP content, cells were snap-frozen in liquid nitrogen, sonicated in the presence of 0.4 M perchloric acid, and analyzed by HPLC. ATP release from Jurkat cells (5 × 10 5 ) treated for 10 min with carbonyl cyanide m-chlorophenylhydrazone (CCCP; 10 μM), rotenone (10 μM), carbenoxolone (CBX; 50 μM), or the pannexin-1 (panx1) mimetic inhibitory peptide 10 panx1 (50 μM) was analyzed with a luciferin/luciferase ATP bioluminescence kit (Invitrogen).
Quantitative real-time PCR
Total RNA was extracted from Jurkat cells or CD4 + T cells (1 × 10 6 ) using the RNeasy Mini Kit (Qiagen, Valencia, CA) and converted to cDNA (QuantiTect reverse transcription kit, Qiagen) following the manufacturer's protocol. Real-time PCR was performed on a Mastercycler® ep realplex instrument (Eppendorf, Hamburg, Germany) using iQ TM SYBR® Green supermix (Bio-Rad, Hercules, CA) and QuantiTect primer assays (Qiagen). Expression levels of ectonucleoside triphosphate diphosphohydrylase (ENTPD) 1, ENTPD2, ectonucleotide pyrophosphatase/phosphodiesterase (ENPP) 1, ENPP2, and ENPP3 were normalized to TATA-box binding protein (TBP), and the comparative C t method was used for relative quantification of gene expression.
Imaging of mitochondrial membrane potential, reactive oxygen species (ROS) production, and pericellular ATP Fluorescence live-cell imaging was performed with an inverted Leica DMI6000B microscope (Leica Microsystems, Wetzlar, Germany) equipped with a temperature-controlled (37°C) stage incubator (Ibidi, Martinsried, Germany) and a Leica DFC365 FX camera. Cells were placed into fibronectincoated (40 μg/ml) eight-well glass bottom chamber slides (Lab-Tek, Rochester, NY). Cells were treated or not treated with suramin (100 μM) or CCCP (10 μM) for 10 min, and mitochondrial membrane potential and ROS production were assessed by staining cells for 5 min with TMRE (100 nM) or DHR123 (10 μM), respectively. Fluorescence images were captured through a ×100 oil objective (NA 1.3, Leica) using TRITC and FITC filter sets (Leica Microsystems) and LeicaLAS microscope imaging software. ATP at the cell surface was imaged in Jurkat cells or CD4 + T cells suspended in HBSS and stained for 5 min with 500 nM of the cell surface targeting fluorescent ATP probe 2-2Zn(II) [16] using an YFP-2427A filter set (Semrock, Rochester, NY) and a Spot Boost EMCCD BT 2100 camera (Diagnostic Instruments Inc., Sterling Heights, MI). Images were analyzed with ImageJ software (National Institutes of Health).
Measurements of mitochondrial membrane potential, ROS production, and mitochondrial mass Jurkat cells or primary CD4 + T cells were stained with DHR123 (10 μM), TMRE (100 nM), or MitoTracker Green (50 nM) for 15 min at 37°C, and mitochondrial membrane potential, ROS production, and mitochondrial mass were measured using a FACScalibur flow cytometer (BD Biosciences, San Diego, CA) as previously described [17] . In some experiments, Jurkat cells were treated with inhibitors of P2X receptors at the indicated concentrations for 10 min prior to staining with DHR123 or TMRE. indicator Fluo-4 (5 μM) for 30 min at 37°C, and analyzed by flow cytometry. To study the effect of P2X receptor blockade on basal Ca 2+ levels in real time, Jurkat cells were loaded with Fura-2 AM (4 μM) for 30 min at 37°C, washed twice, and resuspended in HBSS containing 0.1 % bovine serum albumin. Changes in cytosolic Ca 2+ levels following addition of 200 μM suramin were monitored with a spectrofluorophotometer. The excitation wavelengths were 340 and 380 nm and emission was detected at 510 nm.
Resazurin/resorufin proliferation assay
For screening purposes, proliferation of Jurkat cells was assessed by measuring the reduction of resazurin to resorufin [18] . Cells (2.5 × 10 5 /ml) were cultured in 96-well plates for 1 to 5 days as indicated. During the last 6 h of culture, cells were exposed to resazurin (100 μM), and conversion of resazurin to resorufin was assessed by measuring the absorbance at 570 nm (reduced state) and 600 nm (oxidized state) using a multimode plate reader (SpectraMax M5, Molecular Devices, Sunnyvale, CA). Specific absorbance was calculated by subtracting the absorbance at 600 nm from the absorbance at 570 nm, and the cell number in each well was estimated by comparing these values with a standard curve derived from wells with known cell numbers treated in parallel.
Flow cytometric analysis of proliferation
Cells (2.5 × 10 5 /ml) were cultured in 96-well plates for 72 h, and the cell number in each well was determined using PElabeled counting beads (BD Biosciences). To study cell division, Jurkat cells (5 × 10 6 /ml) were labeled with CFSE (10 μM) and dilution of CFSE fluorescence was analyzed by flow cytometry. With each cell division, the fluorescently tagged proteins are evenly distributed among the daughter cells and the mean fluorescence halves.
Cell viability
Jurkat cells (2.5 × 10 5 /ml) were seeded onto fibronectincoated eight-well glass bottom chamber slides and cultured in the presence or absence of suramin (200 μM) or 6-MP (500 nM) at 37°C and 5 % CO 2 . Cell condition was assessed after 72 h. Cells were labeled with propidium iodide (1.5 μM) to visualize dead cells, and bright field and fluorescence images (TRITC filter set) were captured with the microscope system described above using a ×40 objective (0.75/PH2, Leica). To quantify the percentage of dead cells, cells (2.5 × 10 5 /ml) cultured in 96-well plates for 72 h in the presence or absence of the indicated drugs were stained with SYTOX Green (10 nM) for 15 min at 37°C and analyzed by flow cytometry.
Statistics
Unless otherwise stated, data are expressed as mean values ± standard deviation (SD) of n ≥ 3 independent experiments. Statistical analyses were done using unpaired Student's t test or non-parametric Mann-Whitney U test for two groups and one-way ANOVA followed by Holm-Sidak's test or non-parametric Kruskal-Wallis test followed by Dunnett's test for multiple comparisons. Differences were considered statistically significant at p < 0.05.
Results
Jurkat cells generate an ATP-rich extracellular environment
Solid tumors are thought to generate a tumor microenvironment that promotes cell proliferation and immune evasion [19] . High concentrations of ATP and its breakdown products in the tumor interstitium may favor cancer growth [20, 21] . Because extracellular ATP contributes to the proliferation of normal T cells, we wondered whether elevated extracellular ATP concentrations drive the continuous activation and proliferation of leukemia T cells. In order to test this possibility, we compared the concentrations of ATP and its breakdown products in the culture supernatants of Jurkat cells and of primary CD4 + T cells from healthy human subjects. We found that Jurkat cell cultures generate about three times more ATP and ADP than their healthy counterparts (Fig. 1a) . Stimulation of primary T cells with anti-CD3/anti-CD28 antibody-coated beads increased the concentration of extracellular ATP, which is consistent with the notion that ATP promotes T cell activation. Next, we studied whether altered expression levels of ectonucleotidases that are responsible for the enzymatic breakdown of extracellular ATP may be the reason for these differences between normal and leukemic T cells. Except for ENPP-1, the mRNA expression levels of all ectonucleotidases that convert ATP to ADP, AMP, or adenosine were significantly lower in Jurkat cells than in primary CD4 + T cells (Fig. 1b) . Interestingly, a similar trend towards decreased ectonucleotidase expression levels was seen in healthy CD4 + T cells in response to cell stimulation, suggesting that downregulation of ATP-hydrolyzing ectoenzymes and decreased ATP breakdown contribute to the activation and proliferation of T cells (Fig. 1b) . To test this notion, we compared the capacity of Jurkat and healthy T cells to hydrolyze extracellular ATP. Equal numbers of Jurkat and healthy cells were incubated with ATP (5 μM) and the kinetics of ATP breakdown by these cells were compared (Fig. 1c-f) . Consistent with the higher expression of ectonucleotidases in healthy CD4 + T cells, healthy cells were more efficient than Jurkat cells in eliminating extracellular ATP (Fig. 1c) . Jurkat cells converted ATP mostly to ADP (Fig. 1d) , while healthy CD4 + T cells formed primarily AMP (Fig. 1e) and adenosine (Fig. 1f) . Taken together, these results demonstrate that diminished expression of ectonucleotidases in Jurkat cells reduces their ability to decrease extracellular ATP concentrations, which may result in an ATP-rich extracellular environment and promote leukemia cell growth.
Leukemic T cells generate more mitochondrial ATP than healthy T cells
Normal T cells respond to TCR/CD28 stimulation with the rapid release of cellular ATP into the extracellular environment [11] [12] [13] . However, unstimulated T cells also release ATP, albeit at a lower rate than stimulated cells [22] . We found that this continuous basal ATP release feeds a basal purinergic feedback loop that maintains T cell vigilance and the ability of T cells to rapidly respond to external stimuli [17] . Therefore, we wondered whether excessive activity of this basal purinergic feedback mechanism is associated with the unchecked proliferation of leukemia cells. Using a novel membrane-anchoring fluorescence probe, termed 2-2Zn(II) and developed in the laboratory of Dr. Hamachi, Kyoto, Japan [16] , we found that the extracellular ATP concentration at the cell surface of Jurkat cells was considerably higher than that of healthy CD4 + T cells (Fig. 2a) . These findings confirm that pericellular ATP concentrations are higher in leukemia cells than in their healthy counterparts, either due to increased release of ATP, reduced hydrolysis by ectonucleotidases, or both.
Mitochondria generate the majority of the ATP that normal T cells release into the extracellular space [13] . Therefore, we wondered whether mitochondria contribute to the robust ATP release from Jurkat cells. We treated Jurkat cells for 10 min with rotenone, an inhibitor of complex I of the electron transport chain or with CCCP, an uncoupler of oxidative phosphorylation. Rotenone and CCCP significantly reduced extracellular ATP concentrations in Jurkat cell cultures (Fig. 2b) . Inhibition of panx1 channels that facilitate cellular ATP release with the inhibitors CBX or 10 panx1 had a similar effect on ATP release from Jurkat cells (Fig. 2b) . We also found that intracellular ATP concentrations in normal CD4 + T cells were significantly lower than in Jurkat cells (Fig. 2c) . Cancer cells are thought to preferentially utilize glycolytic pathways rather than oxidative respiration for energy production [23] . In order to compare the abundance of mitochondria in Jurkat cells and healthy CD4 + T cells, we estimated mitochondrial mass with MitoTracker Green. MitoTracker Green staining is widely used and accepted for this purpose [24] ; however, some concerns were raised regarding a possible influence of mitochondrial membrane potential (ΔΨm) on this dye [25] . To test this possibility, we stained cells with MitoTracker Green and disrupted ΔΨm with CCCP. MitoTracker Green staining was largely independent of ΔΨm under our experimental conditions (Supplementary Fig. 1 ). Using MitoTracker Green staining, we found that Jurkat cells possess~3 times more mitochondrial mass than their healthy counterparts and that mitochondria in Jurkat cells are significantly more active compared to unstimulated CD4 + T cells of healthy subjects (Fig. 2d) . The latter conclusion was supported by a higher mitochondrial membrane potential (ΔΨm) and increased mitochondrial ROS production in Jurkat cells when compared to CD4 + T cells (Fig. 2e, f) . Taken together, these results suggest that a larger number of active mitochondria produce extracellular ATP concentrations that promote excessive activation and proliferation of leukemia cells.
Autocrine purinergic signaling perpetuates mitochondrial activity in Jurkat cells
The activation of normal CD4 + T cells triggers ATP release, P2 receptor stimulation, Ca 2+ influx, and mitochondrial firing to set in motion a signaling loop that culminates in T cell proliferation [11] [12] [13] . Excessive ATP release from cancer cells may propagate this signaling loop and thereby contribute to the perpetual proliferation of neoplastic T cells. In support of this notion, we found that the P2 receptor antagonist suramin reduced cytosolic Ca 2+ levels, ΔΨm, and mitochondrial ROS production of Jurkat cells (Fig. 3a-d) . The effects of suramin were paralleled by similar effects of CCCP (Fig. 3c, d ), suggesting that mitochondrial ATP production, ATP release, and P2 receptor stimulation maintain upregulated basal mitochondrial activity levels that promote proliferation of cancer cells.
P2X1 and P2X7 receptors maintain mitochondrial activity in Jurkat cells
Next we asked which P2 receptors are involved in the feedback loop that maintains these elevated levels of basal mitochondrial activity in Jurkat cells. Earlier studies have shown that P2X1, P2X4, and P2X7 receptors initiate cell activation in response to T cell stimulation via TCR/CD28 receptors [11, 12] . Using antagonists of these receptors (NF157 or NF023 for P2X1; 5-BDBD for P2X4; A438079 for P2X7; and suramin for all P2 receptors), we found that P2X1 and to a lesser degree P2X7 receptors maintain basal mitochondrial activity in unstimulated Jurkat cells (Fig. 4a, b) . The P2X1 antagonists NF157 and NF023 were nearly as potent as suramin in inhibiting mitochondrial ROS production (Fig. 4a-c) . Because NF157 inhibits P2X1 but also P2Y11 receptors, we also tested the more specific P2Y11 receptor antagonist NF340 and found that this inhibitor had no effect on mitochondrial ROS production (Fig. 4c) . Taken together, these results suggest that P2X1 and P2X7 receptors are central to maintaining the vigorous basal purinergic feedback loop that is responsible for perpetual mitochondrial activation in Jurkat cells.
Perpetual stimulation of P2X1 and P2X7 receptors maintains the growth of leukemia cells
Next, we tested the concept that perpetual stimulation of P2 receptors drives the proliferation of cancer cells. Stimulation with the non-hydrolysable ATP analogue ATPγS (100 μM) increased the proliferation of Jurkat cells only slightly beyond the level seen in untreated Jurkat cells (Fig. 5a) . However, + T cells (n = 8) were determined by HPLC. Results are expressed as mean ± SD; ***p < 0.001, *p < 0.05 (Student's t test). d Mitochondrial content was assessed using MitoTracker Green staining and flow cytometry. A representative histogram is shown in the panel on the left and cumulative results of n = 5-6 independent experiments are shown on the right; **p < 0.01 (Mann-Whitney U test). e, f Cells were stained with TMRE to assess mitochondrial membrane potential (ΔΨm) and with DHR123 to assess mitochondrial reactive oxygen species (ROS) formation using fluorescence microscopy (e; ×100 oil objective, NA 1.3; scale bar, 5 μm) and flow cytometry (f). Data represent mean values ± SD of n = 6 (TMRE) or n = 4 (DHR123) independent experiments; **p < 0.01, *p < 0.05 (Mann-Whitney U test); MFI, mean fluorescence intensity removal of extracellular ATP with apyrase significantly diminished cell proliferation. Similarly, blocking ATP release with the gap junction inhibitor CBX or the panx1-specific blocker 10 panx1 significantly inhibited the proliferation of Jurkat cells. These findings support the notion that continuous basal ATP release and autocrine purinergic signaling maintain the unbridled proliferation of leukemia cells. In agreement with this concept, we found that inhibition of P2 receptor signaling with suramin or of mitochondrial ATP formation with CCCP profoundly suppressed Jurkat cell proliferation (Fig. 5a) . The anti-proliferative effects of CBX and suramin resulted in significantly lower cell numbers 48 h after inhibition of basal purinergic signaling in Jurkat cells (Fig. 5b) .
CBX and suramin dose-dependently reduced Jurkat cell proliferation (Fig. 5c) . Treatment of Jurkat cells with the P2X1 receptor antagonists NF023 and NF157 or the P2X7 receptor antagonist A438079 recapitulated the anti-proliferative effect of suramin (Fig. 5d) , supporting the concept that continuous stimulation of P2X1 and P2X7 receptors by basal ATP release perpetuates unimpeded proliferation of leukemia cells.
Proliferation of various other leukemia cell types also involves P2 receptor signaling
In order to test whether basal ATP release sustains the proliferation of other leukemia cell types, we studied the effect of CBX and suramin on THP-1 (acute monocytic leukemia), U-937 (histiocytic lymphoma), and HL-60 (acute promyelocytic leukemia) cells. Suramin inhibited proliferation of all three cell types to varying degrees (Fig. 6a-c) . The effect of suramin on these cells was however weaker when compared to Jurkat cells (Fig. 6c) . Similarly, the sensitivity of cells to CBX differed between the four leukemia cell types. Jurkat and U-937 cells were most sensitive to CBX treatment (Fig. 6b) , while proliferation of HL-60 and THP-1 cells was only moderately inhibited by CBX (Fig. 6a,  c ) . While the extracellular ATP levels were also different among the four cell lines, they were three to five times higher than the ATP levels in primary healthy CD4 + T cell cultures (Fig. 6d) . In summary, these results suggest that cell growth of these different leukemia cell lines involves basal ATP release and autocrine purinergic signaling, albeit to varying degrees.
Inhibition of purinergic signaling as anti-proliferative adjuvant treatment strategy
The anti-cancer drug 6-mercaptopurine (6-MP) is commonly used in multi-drug regimens for the treatment of ALL. We found that 6-MP (500 nM) and suramin (200 μM) had similar anti-proliferative effects on Jurkat cells, reducing cell growth by up to 80 % compared to untreated controls (Fig. 7a, b) . Importantly, the combination of suramin and 6-MP increased the antiproliferative potential of each single drug and completely prevented cell proliferation, resulting in a net loss of cells after 72 h in culture (Fig. 7b) . Comparison of 6-MP and suramin revealed similar cytostatic and cytotoxic properties that were amplified by combined treatment of Jurkat cell s with both drugs (Fig. 7c, d ). Combinations of 6-MP with specific inhibitors of P2X1 (NF023) or P2X7 (A438079) receptors evoked similar but slightly weaker responses than the combination of 6-MP with suramin (Fig. 7b, d ). These findings suggest that both P2X1 and P2X7 receptors are involved in the purinergic feedback mechanisms that maintain cell proliferation and that purinergic signaling mechanisms may be potential drug targets to increase the effectiveness of current chemotherapeutic regimens for ALL. 
Discussion
Cellular ATP release from neurons and non-excitable cells has become recognized as an important mechanism in the regulation of mammalian cell functions [26] . Normal T cells respond to TCR/CD28 stimulation with the rapid release of ATP that fuels autocrine signaling via P2X receptors to initiate effector functions including cell proliferation [8, [10] [11] [12] . Mitochondria are the main source of the ATP that drives this autocrine purinergic feedback process [13] . However, unstimulated T cells also rely on purinergic signaling. They are not inactive but maintain a level of vigilance that allows them to detect and respond to antigens in their environment. We have recently shown that unstimulated T cells maintain vigilance via a basal purinergic feedback mechanism that involves low-level mitochondrial activity and ATP production to activate P2X receptors and maintain cellular Ca 2+ homeostasis [17] . In the present study, we found that this basal purinergic signaling mechanism is disturbed in Jurkat cells, resulting in the release of large amounts of ATP that promote proliferation without the need for TCR/CD28 stimulation.
Purinergic signaling mechanisms are a potential novel drug target for cancer therapy [27] [28] [29] . However, existing reports about the role of extracellular ATP in cancer cell growth are contradictory. Both anti-proliferative and growth-promoting effects have been ascribed to extracellular ATP; these differences may be due to differences in the expression profiles of the various P2 receptor subtypes that can have opposing effects on cell growth [27] . P2X7 receptor expression has been linked to cell proliferation [30] . Overexpression of P2X7 receptors increases cell proliferation of K562 and LG14 cells, two leukemic cell lines that lack endogenous P2X7 receptors [31] . Furthermore, P2X7 receptor expression in bone marrow-derived mononuclear cells is significantly higher in patients with ALL and other forms of leukemia than in healthy controls [32] . In B cell chronic lymphocytic leukemia, P2X7 receptor expression was shown to correlate with increased morbidity, which suggests that P2X7 receptors confer a growth advantage to neoplastic cells [33] . In agreement with those reports, we found that P2X7 receptors contribute to the proliferation of Jurkat T cells. However, our results also suggest that P2X1 receptors are more important than P2X7 receptors for Jurkat cell proliferation. Further studies using genetic approaches such as receptor silencing experiments will be needed to verify these results and to specify the respective contributions of individual P2X receptor subtypes to cell proliferation. One of the key findings of our report is that mitochondrial activity is significantly higher in Jurkat cells than in their healthy counterparts, resulting in elevated extracellular ATP levels that stimulate P2X receptors and promote cancer cell proliferation. This finding demands reevaluation of the current view on mitochondria in cancer cell biology. Cancer cells are generally thought to make little use of mitochondria and to primarily rely on aerobic glycolysis for their energy demand [23, 34] . Our findings do not contradict this notion. However, while mitochondria are not essential for energy production in cancer cells, our findings show that mitochondria are a driving force that perpetuates proliferation and unimpeded growth of cancer cells. Recently, other evidence has emerged in support of a similar role for mitochondria in tumorigenesis [35] [36] [37] . We previously reported that mitochondria are central components of the purinergic signaling mechanisms that regulate immune cell functions [13, 17, 38, 39] . Our current results show that highly active mitochondria in Jurkat cells upregulate the purinergic signaling processes that regulate cell metabolism and promote the proliferation of Jurkat cells.
We found that inhibition of purinergic signaling, for example with P2 receptor antagonists, disrupts mitochondrial metabolism and thus cuts off the cycle that maintains unimpeded cell proliferation. Treating cells with suramin significantly suppressed the growth of Jurkat cells. We saw a moderate increase in the number of dead cells; however, the exact underlying mechanisms by which suramin suppresses cell growth are not clear. Further studies are necessary to define the primary mode of action of suramin, which may include cell death via apoptosis, necroptosis, or mitochondrial permeability transition (MPT)-regulated processes [40] . Suramin also enhanced the anti-proliferative activity of low-dose 6-MP, a chemotherapeutic agent commonly used in ALL. The aim of combined chemotherapy is to maximize the anti-neoplastic activity while at the same time minimizing drug-associated side effects and the risk of drug resistance. In combination with suramin, 6-MP completely inhibited cell growth at a concentration that minimizes its side effects. The general P2 receptor antagonist suramin has been used for more than 80 years in the treatment of African trypanosomiasis (sleeping sickness) and onchocerciasis, also known as river blindness [41] . Over the last two decades, suramin has been studied for the treatment of solid tumors, including prostate, ovarian, and lung cancer [42] [43] [44] . While the anti-tumor activity of suramin was often ascribed to its ability to inhibit the binding of growth factors to their receptors [45, 46] , additional mechanisms were suspected and are likely to involve purinergic signaling. In support of this notion, we found that the effect of suramin could be partially replicated by inhibitors of P2X1 and P2X7 receptors. Suramin was tested in clinical trials for prostate cancer, but these trials were stopped because of significant toxic side effects [47] [48] [49] . Our findings suggest that lower, less toxic doses of suramin or of specific P2X receptor inhibitors could be used in combination with other chemotherapeutic agents such as 6-MP.
Several lines of evidence suggest that purinergic signaling is a possible target for cancer therapy [20, 50, 51] . In fact, the adenosine deaminase inhibitor pentostatin is being used to treat specific forms of leukemia demonstrating the therapeutic potential of targeting purinergic signaling in leukemia [52, 53] . In support of a more general role for the identified growth-promoting purinergic signaling mechanisms, we found that monocytic or promyelocytic leukemia cell lines also depend on autocrine purinergic signaling for cell proliferation, albeit to different extents. The varying sensitivities to purinergic inhibitors of the different cancer cell lines could be explained by differences in mitochondrial function that were previously described in these different cancer cell lines [54] . However, the complex purinergic signaling events that regulate T cells are still not fully defined. Our current findings indicate that disturbances of the purinergic control mechanisms of T cell vigilance cause neoplastic behavior. However, different types of leukemia cells likely differ with regard to their individual defects. In this respect, the use of cell lines to model clinical disease is a clear limitation of our current study. Future studies will be necessary to determine the roles of basal ATP release and autocrine purinergic signaling in the growth and malignancy of primary leukemic CD4 + T cells from actual cancer patients. Such studies may help define a common denominator that is suitable for targeted treatment of a wider range of leukemia cells.
